Detection of viruses in the environment is heavily dependent on PCR-based 14 approaches that require reference sequences for primer design. While this strategy 15 can accurately detect known viruses, it will not find novel genotypes, nor emerging 16 and invasive viral species. In this study, we investigated the use of viromics, i.e. 17 high-throughput sequencing of the biosphere viral fraction, to detect human/animal 18 pathogenic RNA viruses in the Conwy river catchment area in Wales, UK. Using a 19 combination of filtering and nuclease treatment, we extracted the viral fraction from 20 wastewater, estuarine river water and sediment, followed by RNASeq analysis on 21 the Illumina HiSeq platform for the discovery of RNA virus genomes. We found a 22 Importance 34 Enteric viruses cause gastro-intestinal illness and are commonly transmitted through 35 the faecal-oral route. When wastewater is released into river systems, these viruses 36 3 can contaminate the environment. Our results show that we can use viromics to find 37 the range of potentially pathogenic viruses that are present in the environment and 38 identify prevalent genotypes. The ultimate goal is to trace the fate of these 39 pathogenic viruses from origin to the point where they are a threat to human health, 40 informing reference-based detection methods and water quality management. 41
higher richness of RNA viruses in wastewater samples than in river water and 23 sediment, and assembled a complete norovirus GI.2 genome from wastewater 24 effluent, which was not contemporaneously detected by conventional qRT-PCR. To 25 our knowledge, this is the first environmentally-derived norovirus genome sequence 26 to be available from a public database. The simultaneous presence of diverse 27 rotavirus signatures in wastewater indicated the potential for zoonotic infections in 28 the area and suggested run-off from pig farms as a possible origin of these viruses. 29
Our results show that viromics can be an important tool in the discovery of 30 pathogenic viruses in the environment and can be used to inform and optimize 31 reference-based detection methods provided appropriate and rigorous controls are 32 included. 33 Introduction 42 Pathogenic viruses in water sources are likely to originate primarily from 43 contamination with sewage. Classic marker bacteria used for faecal contamination 44 monitoring, such as Escherichia coli and Enterococcus spp., are not, however, good 45 indicators for the presence of human enteric viruses (1). The virus component is 46 often monitored using qPCR approaches, which can give information on the 47 abundance of specific viruses and their genotype, but only those that are both known 48 and characterised (2). Viruses commonly targeted in sewage contamination assays 49 include noroviruses (3), hepatitis viruses (4), enteroviruses (5), and various 50 adenoviruses (6, 7). Viral monitoring in sewage has previously yielded positive 51 results for norovirus, sapovirus, astrovirus, and adenovirus, indicating that people 52 are shedding viruses that are not necessarily detected in a clinical setting (8). This 53 same study found a spike in norovirus genogroup GII sequence signatures in 54 sewage two to three weeks before the outbreak of associated disease was reported 55 in hospitals and nursing homes. The suggestion, therefore, is that environmental 56 viromics can provide an early warning of disease outbreaks, in addition to the 57 monitoring of virus dissemination in watercourses. 58 84 respectively). 85
As an initial assessment, samples were tested for the presence of a subset of locally 86 occurring enteric RNA viruses using qRT-PCR (Table 1) . Only norovirus (NoV) 87 genogroup GII signatures were detected in the wastewater samples. In the samples 88 collected in September 2016, 10 3 genome copies (gc)/l of norovirus GII were 89 observed in both the influent (LI_13-9) and in the effluent (LE_13-9). In the samples 90 collected in October 2016, approx. 10 2 gc/l (below the limit of quantification which 91 was approx. 200 gc/l) were observed in the influent (LI_11-10) and a considerably 92 higher concentration of 5x10 4 gc/l was noted in the effluent (LE_11-10). All qRT-93
PCRs were negative for the presence of sapoviruses (SaV) and hepatitis A/E viruses 94 (HAV/HEV). None of the target enteric viruses were found in the surface water and 95 sediment samples. 96 97 Summary of viral diversity 98 The virus taxonomic diversity present in each sample was assessed by comparison 99 of curated read and contig datasets with both the RefSeq Viral protein database and 100 the non-redundant protein database of NCBI, using Diamond blastx (14) and lowest 101 common ancestor taxon assignment with Megan 6 (15). For wastewater samples 102 LI_13-9, LE_13-9 and LE_11-10, two libraries were processed (indicated with _1 and 103 2 in the dataset names) and one each for the wastewater influent sample LI_11-10, 104 the surface water sample (SW) and two sediment samples (Sed1 & Sed2). This 105 section focuses on those reads and contigs that have been assigned to the viral 106 fraction exclusively, disregarding sequences of cellular or unknown origin. 107 6
The wastewater samples showed a greater richness of known viruses and had a 108 larger number of curated contigs than the surface water and sediment samples 109 assigned reads with a few exceptions. In wastewater influent sample LI_11-10, reads 118 assigned to the dsDNA family Papillomaviridae accounted for 61% of the total and 119 these reads were assembled into a single contig representing a near-complete 120 betapapillomavirus genome. In the surface water sample reads assigned to the 121 ssDNA families Circoviridae and Microviridae represented 50% and 12% of the total, 122 respectively, assembling into contigs representing a significant proportion of the 123 genome. The presence of both ssDNA and dsDNA virus signatures in all datasets is 124 most likely due to incomplete digestion of the viral DNA with the DNase Max kit. 125 and reoviruses were found in three out of the four wastewater samples. Partitiviridae 133 signatures were only found in the wastewater LE_11-10 and LI_13-9 samples, while 134
Birnaviridae reads were only present in the wastewater LE_13-9 libraries. Picornavirales were detected in the wastewater samples at different levels in 154 different samples, and a small number of unassigned picornaviruses was detected in 155 the surface water sample (SW). 156
We did not observe any known negative sense (-) ssRNA viruses in any of the 157 sequencing libraries, but it is possible that some of the unaffiliated viral contigs 158 belong to this class. The known human pathogenic (-) ssRNA viruses are enveloped 159 (16) and predicted to degrade more rapidly than the non-enveloped enteric viruses, 160 especially in wastewater (17, 18) . We cannot rule out the possibility that (-) ssRNA 161 viruses were present, but were removed by our sampling protocol. 162
The general wastewater viral diversity found here is similar to that reported 163 previously. Those studies that investigated RNA viruses found both bacterial and 164 eukaryotic viruses, with a high abundance of plant viruses of the family Virgaviridae, 165 which includes the tobamovirus pepper mild mottle virus (11, 19) . The families of 166 viruses with potential human hosts found in previous metagenomics studies of 167 sewage include Astroviridae, Caliciviridae, Picobirnaviridae and Picornaviridae (13, 168 19-21), of which only picobirnaviruses were recovered in all wastewater viromes in 169 this study. In contrast, members of the family Reoviridae, represented by the genus 170
Rotavirus, were found in three out of our four wastewater samples, but were not 171 detected in many of the previous studies (19-21). 172
Potential human pathogenic viruses 173
An important aim of this study was to investigate the presence and genomic diversity 174 of potential human pathogenic RNA viruses in different sample types within the river 175 catchment area. To minimize miss-assignments of short sequences to taxa, we used 176 the assembled, curated contig dataset and looked for contigs representing near-177 complete viral genomes. 178
Presence of a norovirus GI.2 genome 179
We were particularly interested in finding norovirus genomes in order to explore the 180 genomic diversity of these important and potentially abundant pathogens originating 181 from sewage and disseminated in watercourses, with implications for shellfisheries 182 and recreational waters. This is of relevance due to known issues of sewage 183 We tested the genotype grouping of our genome in a whole genome phylogeny with 218 all complete genome sequences of genogroup I available in GenBank. The 219 phylogenomic tree clearly delineated the different genotypes within genogroup GI, 220 placing the newly-assembled genome within genotype GI.2, with the reference 221 isolate for GII used as an outgroup ( Figure 5 ). 222
For further validation, the full genome of the novel norovirus GI was recovered using 223 RT-PCR. However, the amplicon could not be ligated into a plasmid and hence was 224 not fully sequenced. 225
Presence of diverse rotavirus segments in wastewater samples 226
Rotaviruses are segmented dsRNA viruses belonging to the family Reoviridae, 227 causing gastroenteric illness in vertebrates and are transmitted through the faecal-228 oral route (16). Read signatures assigned to the genus Rotavirus were found in three 229 of the four wastewater samples (all but LI_11-10). Wastewater influent sample 230 LI_13-9 contained the most signatures with approximately 75,000 reads, assembled 231 into 120 contigs, representing genome fragments of 10 out of the 11 rotavirus 232 segments. At the species level, these genome fragments were assigned to either the 233 species Rotavirus A or Rotavirus C. Comparing the amino acid sequences of the 234 predicted proteins, some contigs showed high levels of identity (>88%) with either 235 the segments of rotavirus A (RVA) or rotavirus C (RVC) reference genomes as 236 available in the RefSeq database (26, 27), while others showed a lower identity with 237 a variety of RVC isolates only. The segmented genome nature and the possibility of 238 segment exchange make it difficult to confidently identify the number of rotavirus 239 types present in this sample. Given the amino acid similarities with both RVA and 240 RVC types ( Supplementary Table 1 ), we suggest there are at least two, and possibly 241 three types present here. 242
Using the RotaC 2.0 typing tool for RVA, and blast-based similarity to known 243 genotypes, we have typed the rotavirus genome segments found here ( Table 2 ). The 244 combined genomic make-up of the RV community in sample LI_13-9 was 245
E2/Ex (28, 29). The potential hosts for each segment were derived from the hosts of 247 the closest relatives. This analysis showed that the RVA viruses were possibly 248 infecting humans (through zoonotic transmission) or cattle, while the RVC viruses 249 were most likely porcine (Table 2) . However, due to the genomic diversity of the 250 segments found here, particularly for RVC genome fragments, we cannot rule out 251 alternative hosts. 252
Partial genomes of other potentially pathogenic RNA viruses 253
In sample LI_13-9, a small contig of 347 bases was found that was 94% identical at 254 the nucleotide level to the Sapovirus Mc2 ORF1 (AY237419), in the family 255
Caliciviridae. We have also identified four contigs of approximately 500 bases in 256 sample LE_11-10 that resembled most closely the Astrovirus MLB2 isolates 257 MLB2/human/Geneva/2014 (KT224358) and MLB2-LIHT (KX022687) at 99% 258 nucleotide identity. In addition, we identified several reads and contigs assigned to 259 the family Picornaviridae which comprises a diverse set of enteric viruses, but the 260 closest relatives in the databases were metagenomically assembled or unidentified 261
picornaviruses. 262
Picobirnaviruses showed a high prevalence in wastewater In the 233 contigs found, 71 partial CDSs were predicted from which we extracted 17 290 5' UTRs (untranslated regions), discarding those partially annotated CDSs missing 291 the transcription start site. We discovered the 6-mer motif AGGAGG ( Figure 6B ) in 292 100% of the upstream sequences, similar to the frequency reported by 293 Krishnamurthy and Wang (32) , who found at least a 4-mer RBS in 100% of the 98 294 picobirnavirus 5' UTRs investigated. In contrast, the different families of eukaryotic 295 viruses analysed in that study only showed a low incidence of RBSs, which were 296 mostly 4-mers. Our findings, therefore, support the hypothesis that picobirnaviruses 297 are bacteriophages and we suggest that they belong to a novel RNA bacteriophage 298 family with a high level of genomic diversity. 299 300 Discussion 301 We set out to explore the possibility of using viromics to find human pathogenic RNA 302 viruses in the environment. We have been successful in identifying several 303 potentially human pathogenic, including potentially zoonotic, viral genomes from the 304 wastewater samples, but did not find any in the surface estuarine water and 305 sediment samples. The absence of signatures does not necessarily mean that there 306 are no pathogenic viruses present in water or sediment, but only that their levels 307 could be below our limit of quantification for qPCR (approximately 200 gc/l). 308
It is important to note here that during the RNA extraction process, many biases 309 could have been introduced leading to a lower recovery of input viruses. Samples 310 were first concentrated from volumes of 1 l (wastewater) or 50 l (surface water) down 311 to 50 ml using tangential flow filtration (TFF) at a molecular weight cut-off of 100 312 kDa, followed by PEG 6000 precipitation. These samples were diluted in fresh buffer, 313 filtered through syringe filters of 0.22 µm pore size and then treated with nuclease to 314 remove free DNA and RNA. Previous research has shown that while any enrichment 315 method aimed at fractionating the viral and cellular components will decrease the 316 total quantity of viruses, a combination of centrifugation, filtration and nuclease 317 treatment increases the proportion of viral reads in sequencing datasets (33). After 318 implementing these steps, we used the MO BIO PowerViral ® Environmental 319 DNA/RNA extraction kit for viral RNA extraction, which has previously been shown to 320 perform best overall in spiking experiments with murine norovirus, in terms of 321 extraction efficiency and removal of inhibitors (34). The kit has, however, given low 322 recoveries of viruses from sediment (35). 323
We did not perform an amplification step before library construction with the 324 NEBNext Ultra Directional RNA Library Prep Kit for Illumina, to retain the genome 325 sense and strand information. Instead, we increased the number of cycles of random 326 PCR during library preparation from 12 to 15 to counteract the low input quantity of 327 RNA (< 1 ng). The random amplification during library construction led to a trade-off 328 in which genome strand information was gained for a loss of quantitative power, 329 making it difficult to compare abundances of viral types within and across libraries. 330
This random PCR-based bias has been highlighted before, but the proposed solution 331 of using library preparation protocols which limit the use of PCR are only feasible 332 with high amounts of input nucleic acid (36), which we have not found to be possible 333 when processing environmental/wastewater samples to generate RNA metaviromes. 334
A critical issue to highlight here, is the inclusion of controls in our sequencing 335 libraries in order to identify potential contaminants and their origins, as has been 336 suggested previously (37, 38). There have been multiple reports of false positive 337 genome discoveries, in particular the novel parvovirus-like hybrid in hepatitis patients 338 that was later revealed to originate from the silica-based nucleic acid extraction 339 columns (39-41). In this study, we included a positive control that comprised 340 bacterial cells (Salmonella enterica serovar Typhimurium isolate D23580 RefSeq 341 accession number NC_016854) and mengovirus (36), an RNA virus that serves as a 342 process control, as well as two negative controls, an extraction control and a library 343 preparation control. Analysis of the control libraries showed that while the Salmonella 344 cells and DNA were successfully removed from the positive control sample by the 345 enrichment protocol, the mengovirus was not recovered. Subsequent qRT-PCR 346 analysis revealed that the mengovirus remained detectable in the pre-processing 347 stages of the extraction, but was lost after RNase treatment (data not shown). GII.4 (44-46) which was not detected in the metaviromes generated here. 384
We retrieved one norovirus GI genome, assembled from 22,151 reads, in 385 wastewater effluent sample LE_11-10. This finding was in direct conflict with the 386 qRT-PCR analysis of this sample which did not detect any NoV GI signatures (Table  387 1). In contrast, NoV GII signatures were detected by qRT-PCR, but no NoV GII 388 genomes or genome fragments were observed in the virome libraries. One 389 hypothesis to explain the discrepancy between PCR and viromics approaches lies in 390 the differences in extraction protocol. For qRT-PCR, no viral enrichment step was 391 performed and RNA was not extracted with the PowerViral kit. Therefore, NoV GII 392 could have been lost before virome sequencing, as was the process control 393
mengovirus. An alternative hypothesis is that the NoV GII signatures detected during 394 qRT-PCR were derived from fragmented RNA or from particles with a compromised 395 capsid. In both these cases, the RNA would not be detected in the virome data 396 because of the RNase preprocessing steps implemented in the 397 enrichment/extraction protocol. This calls into question the reliance of qRT-PCR for 398
NoV detection and whether the detected viruses are infectious or merely remnants of 399 previous infections. Further research using, for example, capsid integrity assays 400 combined with infectious particle counts will need to be conducted to assess the 401 validity of qRT-PCR protocols for norovirus detection. 402
The inability to identify NoV GI with qRT-PCR might be related to the mismatched 403 base present in the forward primer sequence used for detection. We subsequently 404 conducted a normal, long-range PCR to validate the detection of this genotype, and 405 this yielded a fragment of the correct size, but we were unable to clone and 406 sequence this fragment. While the known NoV GI.2 genotypes do not have a 407 mismatch in the qRT-PCR probe sequence, it is possible that the genome recovered 408 in this study fell below the limit of detection using the ISO standard primer/probe 409 combination (ISO/TS 15216-2:2013). In a recent study, researchers designed an 410 improved probe and observed lower Ct values and a lower limit of detection for GI. (50). Since the introduction of the live-attenuated vaccine Rotarix, the incidence of 437 gastroenteritis in England has declined, specifically for children aged <2 and during 438 peak rotavirus seasons (51-53). Therefore, the discovery of a diverse assemblage of 439 rotavirus genome segments in the wastewater samples here was less expected than 440 the norovirus discovery. While we were unable to recover the genome of the vaccine 441 strain, our genomic evidence suggests that at least one RVA and one RVC 442 population were circulating in the Llanrwst region in September 2016. 443
The genome constellation for the RVA segments in sample LI_13-9, G8/G10-444 P[1]/P[14]/P[41]-I2-R2-C2-M2-A3/A11-(N)-T6-E2-(H), is distinctly bovine in origin 445 (28) (N and H segments not recovered in this study). The closest genome segment 446 relatives based on nucleic acid similarity, however, have been isolated from humans 447 (Table 2) The origins of the RVC genome segments are more difficult to trace, because of 455 lower similarity scores with known RVC isolates. The majority of the segments were 456 similar to porcine RVC genomes, while others showed no nucleotide similarity at all, 457 only amino acid similarity. An explanation for the presence of pig-derived rotavirus 458 signatures could be farm run-off. While farm waste is not supposed to end up in the 459 sewage treatment plant, it is likely that the RVC segments originate directly from 460 pigs, not through zoonotic transfer. Run-off from fields onto public roads, broken 461 farm sewer pipes or polluted small streams might lead to porcine viruses entering the 462 human sewerage network, but we cannot provide formal proof from the data 463 available. Based on the evidence, we hypothesize that there is one, possibly two, 464 divergent strains of RVC circulating in the pig farms in the Llanrwst area. 465
Conclusion

466
In this study, we investigated the use of metagenomics for the discovery of RNA 467 viruses circulating in watercourses. We have found RNA viruses in all samples 468 tested, but potential human pathogenic viruses were only identified in wastewater. The wastewater and surface water samples were processed using a two-step 498 concentration method as described elsewhere (Farkas et al, in submission) . In brief, 499 the 1l (wastewater) and 50l (surface water) samples were first concentrated down to 500 50 ml using a KrosFlo® Research IIi Tangential Flow Filtration System 501 (Spectrumlabs, USA) with a 100 PEWS membrane. Particulate matter was then 502 eluted from solid matter in the concentrates using beef extract buffer and then 503 viruses were precipitated using polyethylene glycol (PEG) 6000. The viruses from 504 the sediment samples were eluted and concentrated using beef extract elution and 505 PEG precipitation as described elsewhere (35). The precipitates were eluted in 2-10 506 mL phosphate saline buffer, (PBS, pH 7.4) and stored at -80°C. 507
Detection and quantification of enteric viruses with qRT-PCR
508
Total nucleic acids were extracted from a 0.5 mL aliquot of the concentrates using 509 the MiniMag NucliSENS ® MiniMag ® Nucleic Acid Purification System (bioMérieux 510 SA, France). The final volume of the nucleic acid solution was 0.05 mL (surface 511 water and sediment) and 0.1 mL (wastewater samples). Norovirus GI and GII, 512 sapovirus GI, and hepatitis A and E viruses were targeted in qRT-PCR assays as 513 described elsewhere (60). 514 Viral RNA extraction for metaviromic sequencing 515 Viral particles were extracted from the concentrated samples by filtration. In a first 516 step, the samples were diluted in 10 ml of sterile 0.5 M NaCl buffer and incubated at 517 room temperature (20°C) with gentle shaking for 30 min to disaggregate particles. 518
The suspension was then filtered through a sterile, 0.22 µm pore size syringe filter 519 (Millex, PES membrane). The sample was desalted by centrifugation (3200 x g, 520 between 1 and 6h for different samples) in a sterilized spin filter (Vivaspin 20, 100 521 kDa molecular weight cut-off) and replacement of the buffer solution with 5 ml of a 522
Tris-based buffer (10 mM TrisHCl, 10 mM MgSO4, 150 mM NaCl, pH 7.5). The buffer 523 exchange was performed twice and the volume retained after the final spin was < 524 500 µl. The samples were then treated with Turbo DNase (20 Units; Ambion) and 525 incubated for 30 minutes at 37°C, followed by inactivation at 75°C for 10 minutes. In 526 a next step, all samples were treated with 80 µg RNase A (Thermo Fisher Scientific) 527 and incubated at 37°C for 30 minutes. The RNase was inactivated with RiboLock 528
RNase Inhibitor (Thermo Fisher Scientific) and the inactivated complex was removed 529 by spin filtration (Vivaspin 500, 100 kDa molecular weight cut-off) and the samples 530 Then, bowtie2 (69) was used for each sample to subtract the reads that mapped to 582 the positive control, negative control or contaminant file. The unmapped reads were 583 used for assembly with SPAdes version 3.9.0 with kmer values 21, 31, 41, 51, 61, 584 71, and the options --careful and a minimum coverage of 5 reads per contig (70). 585
The contig files of each sample were compared with the contigs of the controls 586 (assembled using the same parameters) using blastn of the BLAST+ suite (71). 587
Contigs that showed significant similarity with control contigs were manually 588 removed, creating a curated contig dataset. The unmapped read datasets were then 589 mapped against this curated contig dataset with bowtie2 and only the reads that 590 mapped were retained, resulting in a curated read dataset. 591
The curated contig and read datasets were compared to the Viral RefSeq (release 592 January 2017) and non-redundant protein (nr, release May 2017) reference 593 databases using Diamond blastx at an e value of 1e-5 for significant hits (14, 72, 73) . 594
Taxon assignments were made with Megan6 Community Edition according to the 595 lowest common ancestor algorithm at default settings (15). We have chosen the 596 family level taxon assignments to represent the overall viral diversity, because there 597 is generally little amino acid identity between viral families. The taxon abundance 598 data were extracted from Megan6 and imported into RStudio for visualization (74). 599
Genes were predicted on the assembled contigs with Prokka (75) using the settings -600 -kingdom Viruses and an e value of 1e-5. Multiple alignments of genes and genomes 601 were made in MEGA7 using the MUSCLE algorithm at default settings (76, 77). The 602 alignments were manually trimmed and phylogenetic trees were built using the 603 Maximum Likelihood method in MEGA7 at the default settings. Upstream sequences 604 of potential CDSs of prokka annotated picobirnaviruses were extracted using 605 extractUpStreamDNA (https://github.com/ajvilleg/extractUpStreamDNA) and all 5' 606 UTRs and transcription start sites were manually verified in UGene (78). These 607 extracted sequences were then subjected to a motif search using the MEME Suite 608 
